The phenomenon of super-deep penetration of solid microparticles into solid targets under shock has not been interpreted convincingly until now. The concept of highly excited states, developed by V.E. Panin and others, has opened a new path for the interpretation of this phenomenon. According to this concept, under the condition of a highly excited state, the number of allowable structure states in crystals significantly exceeds the number of atoms, i.e., in crystals, new degrees of freedom arise. Highly excited crystals become, in essence, a superposition of several structures. Therefore, in highly excited states, the material of target may be looked at as a system of weakly interacting particles. The application of the theory of a system of weakly interacting particles in this article shows that when the velocity of penetrating particles exceeds the velocity of the thermal motion of particles of the target material, the friction coefficient is inversely proportional to the third power of the relative velocity of penetrating particles. In this way, the effect of losing friction in the penetration of solid particles into solid targets is interpreted.
Introduction
The discovery of the phenomenon of super-deep penetration of solid microparticles into solid targets in the middle of the 1970s in the last century, by S.M. Uscherenko, P.A. Vyatyaz, and their co-workers [1, 2] , spawned great interest among many researchers. The distinct feature of the phenomenon is that the diameter of the microparticles is no more than several tens of micrometers; however, the depth of penetration reaches several centimeters, i.e., 10 2 -10 4 times more than the initial diameters of the particles. Moreover, penetration takes place without breaking the continuity of the targets. Only a small portion of the particles (about 0.1% of the total number of the particles) penetrate into targets; the rest of the particles set up a packet of background shock waves that brings the target material into a particular state, in which the effect of the superdeep penetration of a small portion of particles becomes possible. The necessary conditions for the occurrence of super-deep penetration are as follows: the diameter of microparticles should be < 100 μm; the velocity of microparticles should be > 1000 m/s; the density of particle flow should not be < 1 g/cm 3 ; and the shock loading time should be > 100 μs. This phenomenon involves a wide range of materials. The particle materials can be alumina, iron, tungsten, titanium, titanium hexacyanoferrate, diamond, etc. The target materials include various types of steel, copper, aluminum, etc. Under the same formation conditions of particle flow, the particle penetration depth into the hard and brittle steel is greater than that into plastic materials such as copper and tin. Until now, there does not exist a convincing interpretation of this phenomenon.
Mechanical approaches to interpretation of this phenomenon met serious difficulties. For example, in refs. [3, 4] , the authors assumed that in shock-loaded material, leading cracks in the form of long thin tubes are formed. However, such an assumption has not been confirmed by simulations and experiments. Moreover, one of the most important points in explaining this phenomenonthe state of the material under shock loading -was not studied.
In ref. [5] , the authors used the paradox of D'Alambert, which means that the resistance of the motion of a body in an ideal liquid or gas is absent in the case of laminar flow along the body. In this case, not only viscosity but also strength should be zero. However, it seems that even minimal viscosity, which has been observed at the middle of the shock-wave front (η = 100... 200 Pa·s), is too high for the stored kinetic energy in particles to guarantee significant penetration of microparticles into such a viscous medium. Evaluation showed [6] [7] [8] that a microparticle is unable to penetrate deeper than one diameter even in the case when the viscosity of metal is as small as water, and its shear strength is zero. Apparently, here, it is necessary to explain the mechanism of loss of strength and friction from the point of view of the state of the target material, and the interaction between penetrating particles and particles of the target under shock. The results of the last investigations carried out in refs. [9] [10] [11] represent a great progress in explaining this phenomenon.
In ref. [10] , a phenomenological (hydrodynamical) interpretation is given. In this interpretation, the phenomenon is considered as a transport process of the matter of microparticles in front of weak background shock waves. Under the action of shock waves generated in the target by a high-speed flow of particles produced by explosion in local areas of the target surface, some processes take place, e.g., development of hydrodynamic instability, decrease of shear strength, formation of deep microcraters in the surface layer, collapse of microcraters, and development of microshaped charge with formation of transport vortices in front of the background shock waves. These microvortices move together with a shock-wave front and can involve microparticles into eddy flow (see Figure 1 ). These microparticles can move to a significant depth into the target. The weak point of the model lies in that the mechanism of initial generation of long microcraters on the surface of target is still not clear.
In refs. [9, 11] , for interpretation of this phenomenon, the concept of a highly excited state developed in refs. [12] [13] [14] is used. According to this concept, under the condition of a highly excited state, the state characterized by the maximum of non-equilibrium thermodynamical potential should be taken as the initial state. In this case, the distribution function of atoms in space is substantially different from that for ideal crystals. Besides the structural states of initial crystals under the condition of a highly excited state in the space of interstitial sites, new allowable structural states emerge. These new allowable structural states may be vacant states, or states taken by the highly excited atoms. In crystals, new degrees of freedom arise. Highly excited crystals, in essence, become a superposition of several structures, and the number of allowable structural states in this system is significantly more than that of atoms. These states in crystals are called highly excited states or atom-vacancy states. The main point of the new approach lies in that any local breaking of structure of highly excited crystals should be looked at not simply as a defect but as a new allowable structural state genetically laid in an electron energy spectrum of crystals. Predicting all possible structural states of a solid can be realized only in the framework of a theory of highly excited states of crystals, in which the number of degrees of freedom in a system is more than that in crystals under a ground state.
The meso-mechanics of mass transportation of metal particles in an area of highly excited state in the target is related to the effect of "a chess table" with quasi-periodic distribution of compressive and tensile stresses and strains at the interface of the loaded solid (see Figure 2 ) [13] . In an area of compressing normal stress, material intrudes into the target, and in all interfaces a system of dips in the form of a chess table arises. The motion of such a shock-wave front under the condition of a highly excited state may guarantee the viscous penetration of solid particles into the target without breaking the continuity of the target [13] .
In viscous deep penetration of solid particles into a target, these particles should experience very little friction. However, as mentioned earlier, experiments show that the minimal viscosity observed in the center of the front of the shock wave (η = 100... 200 Pa·s) is too great for the deep penetration of solid particles into the target material. Therefore, the key element for understanding the phenomenon lies in the explanation of the physical mechanism of loss of friction in the process of penetration of solid particles into the target, which is the aim of this article.
Physical mechanism of super-deep penetration of solid microparticles into solid targets
It is confirmed by experiments [10] that the shear strength of many materials in the shock-wave front decreases significantly. A packet of shock waves generated by a flow of bombarded microparticles, and an unloading wave arising owing to the high heterogeneity of density distribution in the flow of bombarded microparticles, acts on the target for a long time (about 100 μs or more) and brings the material into a highly excited state. As a result, the material is full of defects (vacancies, dislocations) and becomes a hydrodynamic medium, i.e., gel with factually zero shear strength. This conclusion is wholly confirmed by experiments [15, 16] According to the concept of a highly excited state [9, 11] , highly excited crystals, in essence, become a superposition of several structures, and the number of allowable structural states in the system is significantly more than that of atoms. Any local breaking of the structure of highly excited crystals should be looked at not simply as a defect but as a new allowable structural state. Experiments show that under synchronous lateral shock compression, the number of the penetrating particles and the penetration depth increase several times [10] . This fact completely supports the concept of a highly excited state.
Therefore, under a highly excited state, the material of the target can be regarded as a system of weakly interacting particles. Besides, in comparison with the motion of penetrating particles, this system can be considered as a thermodynamic equilibrium system. Subsequently, the theory of weakly interacting particles can be used to describe the interaction between penetrating particles and particles of the target material. Assume that the Hamiltonian for penetrating particles and particles of target material has the form [17, 18] 
where p j is impulse, λV jn presents the potential of interaction between the j-th and n-th particles, and x j , x n are coordinates of the particles. Here, only the central force, depending on the distance between the j-th and n-th particles, is considered. The potential of interaction between particles may be written as [18] 
where V l is a coefficient that depends only on the absolute magnitude of the wave vector l because of the assumption about the interaction force between particles. For one particle, the evolution equation of the distribution function ϕ(v r ) in terms of its velocity v r has the form [18]
where C = N/L 3 is the density of particles, g = v-v′ is the relative velocity, and ϕ 2 (v, v′) under the assumption of molecular chaos can take the form 2 ( , ) ( ) ( ) .
In this case, Eq. (3) can be rewritten as
With the help of the relation
integrating Eq. (5) by parts, we obtain
Furthermore, we take g as a variable. Integrating Eq. (7), we obtain where   2  2  2  2  2  2  2 .
We suppose that a particle moves with velocity v in the medium that reached thermal equilibrium. This assumption corresponds to that the distribution function ϕ′ has the following form 
Substituting Eq. (9) into Eq. (8), we obtain 
In the coordinate system shown in Figure 3 , with the help of the error function 
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the next equation can be obtained from Eq. (10) 
is the velocity of a particle relative to the mean velocity of the thermal motion of particles of the target material, and 2 / ,
where m is the mass of particle; ; d du
the dimensionless temporal parameter; and
The relaxation time is determined as 3 2 9 2 -1 2 ( ) , where ( 8 2 ) . m kT t CB
It is clear from Eq. (18) that the relaxation time is inversely proportional to the particle density, and increases with the increase in temperature.
Equation (16) may be rewritten in the form of Fokker-Plank
where
Equation (20) 
For the friction coefficient, there exist two limit cases:
The dependence of the friction coefficient on the velocity of penetrating particles is shown in Figure 4 . It is clear from Figure 4 that when the velocity of penetrating particles is higher than that of particles of the target material, penetrating particles will experience weak friction, and their motion parameters will maintain their initial values over a long time. The minimum viscosity observed at the middle of the shock-wave front (η = 100...200 Pa·s) may be considered as background viscosity, η(0). When the velocity of penetrating particles exceeds the thermal motion velocity of the particles of the target material because of the interaction between penetrating particles and particles of the target material, the friction coefficient will be inversely proportional to the third power of the relative velocity of penetrating particles. In the case of deep penetration, the velocity of penetrating particles must significantly exceed the thermal motion velocity of the particles of the target material. This situation requires that the shock wave should be strong enough. In the case of strong shock waves, the length of the area of the highly excited state approaches zero along with a decrease of width of the shock-wave front. In this case, the background of a highly excited state that guarantees motion of penetrating particles with little friction is absent. Therefore, the intensity of the shock wave should be moderate [10] . Only a small portion of the particles satisfies these conditions. Consequently, only a small portion of the particles penetrates deeply into the target.
The possibility of the realization of super-deep penetration may be evaluated as follows. For steel, the melting point is about 1300-1400°C. If the temperature of the steel material in the shock front reaches 600-1000°C, then the thermal velocity of atoms is approximately 450 m/s. If the velocity of particles is 1200 m/s, then the friction coefficient is approximately η(u)/η(0)∼0.053, i.e., particles will experience weak friction, which would guarantee the occurrence of super-deep penetration.
However, the structural aspect of loss of friction in the penetration of solid microparticles in a solid target is not elucidated completely. Further research is necessary in this area.
Conclusions
In this article, the concept of highly excited states, developed by the academician V.E. Panin and others, has been used for the interpretation of the super-deep penetration phenomenon. According to the concept of highly excited states, under the condition of a highly excited state, the number of allowable structure states in crystals significantly exceeds the number of atoms, i.e., in crystals, new degrees of freedom arise. Highly excited crystals become essentially a superposition of several structures. Therefore, in highly excited states, the material of the target may be considered as a system of weakly interacting particles. Application of the theory of system of weakly interacting particles shows that when the velocity of penetrating particles exceeds the mean velocity of thermal motion of particles of the target material, the coefficient of friction is inversely proportional to the relative velocity of penetrating particles to the third power. This way, the effect of loss of friction in the penetration of solid particles into solid targets is interpreted.
